ABSTRACT Body-centric wireless communication (BCWC) is affected by many uncertain factors. Available propagation models aim to characterize the radio propagation behavior for a specific scenario; model selection is based on the a posteriori knowledge from previous experience. To generalize existing parametric propagation models, the 1 -norm probability propagation model, which is independent of a posteriori knowledge, was developed in this paper. To validate the 1 -based model, Duke phantom was used as the carrier in the finite-difference time-domain calculation. Simulation and experimental results demonstrated that the generalized 1 -norm propagation model is very appropriate for BCWC, which always undergoes various changes in practice.
I. INTRODUCTION
Body-centric wireless communications (BCWC) will be a focal point for future communications from an end-to-end user's perspective [1] . There is now some research worldwide that characterize channels around the human body [2] . Different frequencies and antennas have been studied. In general, sparse characterization and precision improvement remain an unknown research area; however, there is now increasing interest in both understanding the sparsity-inspired characterization method and trying to apply them to the BCWC. It is well known that the human body is hostile to the radiowave propagation and the characterization of channels around phantoms is very complex. There are many reasons for this situation; each factor is likely to affect the propagation model very seriously. As a local scattering, the human body will affect the wireless channel between two on-body antennas in many ways. First, the shape of the body is a necessary factor; various geometric dimensions of the body may cause different characterization results. Next, body posture's effect cannot be ignored. Some researchers [3] - [5] have taken body posture into account in BCWC research. However, it should be noted that each kind of posture has its own unique effect on the body-centric channel characterization; the effect is relatively independent and should not be studied simultaneously. Then, the surroundings should be considered as well. Outdoor environment and indoor environment would have different effects on the BCWC; moreover, even for the indoor environment, different scatterings around the place will also lead to slight changes in propagation model parameters. There are many other factors that may affect the on-body channel characterization (slight variation in the human body when the posture is changeless, antenna positions, etc.). Actually, the factors that may cause variations in channel characterization for BCWC are far more than these; some are difficult to quantify and analyze. In brief, many factors would affect the body-centric channel characterization in different ways; some factors are easy to characterize, whereas others are not. These factors are independent from each other, and in most cases, they are considered separately.
Some works have been done to characterize the bodycentric channels. Sani et al. [6] investigated the line-of-sight ultra-wideband (UWB) on-body radio propagation using CPW-fed planar inverted cone antennas (PICA) and miniaturized CPW-fed tapered slot antennas (TSA). The path loss exponents for two types of antennas were derived and compared; on the contrary, to characterize the root mean square (RMS) delay of the power delay profile (PDP) of the channel, several parametric propagation models were compared. In this work, one should note that the a posteriori knowledge regarding propagation models plays an important role in the selection of parametric models. In [7] , three different planar body-worn narrowband antennas were compared; different coefficients for the parametric models were observed. It is found that the ground plane of the antennas and the antenna radiation pattern would affect the on-body propagation to some extent; however, it should be noted that more factors could be included (e.g., non-line-ofsight propagation path) to generalize the propagation model. Alomainy et al. [8] used normal distribution as the parametric model in the characterization of RMS delay spread; different parameters values (µ and σ ) were obtained for different antennas. It is worth noting that, as mentioned in the paper, the dynamic nature of the body-centric environment is the main reason of using this parametric propagation model. It must be pointed out that the obtained models with specific parameters refer to several specific propagation scenarios and need to be generalized to accurately characterize other body-centric scenarios. In [9] , the Weibull model was used as the reference model in characterizing bit error rate for BCWC. In this work, confidence bound was introduced and pseudo-dynamic motion was considered. Results demonstrated that the system performance is highly affected by the changes in postures, and these parameters should be considered when designing optimal UWB radio systems for BCWC. The authors did emphasize the necessity and importance of introducing other influencing factors; however, how to quantity and characterize these factors reasonably and effectively is still a challenging problem. In [10] , the effects of different antenna types on the channel behavior were demonstrated. The consequences of changes in body posture positions in addition to antenna orientations on the communication channels were highlighted. It is found that the hybrid antenna type will provide better system performance. This work can be seen as a pioneering work in the area of the UWB system for BCWC and the log-normal parametric model was used as the reference model in the characterization of mean excess delay and RMS delay. It is interesting to note that vertical and planar UWB antenna characteristics were considered; moreover, the results obtained indicated that the conventional parametric model could be generalized to improve the accuracy of characterization; thus, more propagation environment can be considered. The log-normal probability density model was further studied in [11] to find out the appropriate model for BCWC under specific scenarios. Different model parameters were obtained for narrowband on-body links. All the analyses were aimed at independent propagation scenarios. Hall et al. [12] found that the theoretical Rayleigh model can be used as the reference model in characterizing the relative power level for narrowband on-body link at the ISM band. It is found in the paper that the dynamic nature and antenna polarization would affect the on-body channel at 2.45 GHz. All these findings further prove the necessity of introducing a generalized model for BCWC. In [13] , it is mentioned that statistically created models will affect the channel performance for BCWCs. In [14] , UWB communications for WBANs considering different scenarios were presented. In brief, compared to other common propagation environments, BCWC is affected by more uncertain factors and only limited samples are collected; hence, the generalization-orientated sparse model needs to be established to enhance the accuracy of channel characterization for this propagation scenario (Table 1) .
It is known that probability distribution models are usually used to characterize radio propagation in various environments. The newly proposed model also follows this approach. The difference is that a novel probability regression mechanism was applied to generalize the propagation model; in addition, 1 norm, also known as Lasso regularization, is used to facilitate feature extraction via removing useless information. Using the generalized probability regression model, the propagation models for BCWC, which are affected by many factors, can be unified into one framework; meanwhile, influencing factors can be extracted via sparse regularization.
The paper is organized as follows. Section II gives the basis of the 1 norm-based probability propagation model and the corresponding algorithm. In Section III, examples are given to validate the proposed model, and some useful results are obtained and discussed. Section IV draws some conclusions.
II. BASICS OF 1 NORM PROBABILITY PROPAGATION MODEL
It is known that 1 is one of the ways to achieve regularization. The weight parameters are put into the cost function in the way of 1 . Then, the model tries to minimize these weight parameters (Figure 1 ). The cost function of 1 regularization can be written as The model space is limited to a 1 ball in η. For the two-dimensional scenario, the contour can be seen in the (η 1 , η 2 ) plane, whereas the constraint condition becomes a norm ball with radius C. The optimal solution appears at the place where the norm ball and the contour edge intersect for the first time ( Figure 2 ). It is clear in Figure 2 that the horn appears at the place where 1 and each axis intersect. In most cases, the edge of the contour and the 1 ball will intersect at the horn. It should be noted that sparsity could be achieved at horns; moreover, when the dimension increases, many edge outlines are likely to become the place of first intersection, which causes sparsity once more. In brief, 1 tends to generate a small quantity of features, whereas all the other features are equal to zero. The function form f (x) = i β i K (x, x i ) presented in [15] was used as the reference model, where K is the kernel function and x is the independent variable. The kernel function ( Figure 3 ) used in this work has the form K (x, y) = 1 1+exp −k(x−y) 2 (Figure 3) , where k is a variable quantity. In the kernel function, y is decided by samples, whereas the values of k cause different shapes. For the mathematical model proposed in this work, reasonable kernel function will maximally guarantee the sparsity of coefficient. In this work, the selection of kernel function is based on the function to be fitted. In this case, the function to be fitted is the probability function, the range of the function is [0, 1]; therefore, the range for the kernel function should be [0, 1] as well. The solution of β i is the key to the problem. From the 1 norm point of view, the objective function to be optimized is min||KB-C|| 2 + λ|B| 1 , where B is the array consisted of β I and C is the array consisted of c i . The detailed algorithm and remarks for building the model are given in Algorithm 1:
Algorithm 1 Main Steps of Building a 1 Norm Probability Propagation Model for BCWC
Step 1: Obtain the empirical distribution function of the data.
Step 2: Use the regression model:
where x is the independent variable, K is the kernel function, and β i is the coefficient.
Step 3: Solve β i via 1 norm.
Remarks:
We conclude this part with several remarks:
1) β i should be sparse and have little deviation from the given data. 2) 1 solver [16] was called during the solving of the underdetermined equation. 3) Once β i is fixed, the curve, whose horizontal coordinate and longitudinal coordinate are x and f (x), respectively, should fit the data as close as possible. 4) Due to the term λ|B| 1 , less B numbers would affect the results, whereas the term ||KB-C|| 2 ensures that the regression result is close to the original result.
III. NUMERICAL SIMULATIONS AND EXPERIMENTS
In this part, the finite-difference time-domain (FDTD) [17] - [19] simulation (SEMCAD-X) is first performed to obtain on-body channel path loss values. To ensure calculation accuracy, the Duke model [20] was imported into the simulation domain. It is worth mentioning that the Duke model ( Figure 4 ) is an anatomical model of an adult with a weight of about 70 kg and a height of 174 cm. The antenna used in the simulation should be simple and the radiation pattern is required to be uniform; on the contrary, the top-loaded structure can be employed to reduce the size of the antenna. In addition, such structure will expand the bandwidth of the antenna. Therefore, identical circular top-loaded monopole antennas are used as transmitter and receiver, respectively. The geometric dimension of the antenna is given in Figure 5 . The antenna is 5 mm away from the body surface. The specific wearable positions are summarized in Table 2 .
To model the dispersive properties of the human tissues, the generic dispersive material equation is applied. It should be pointed out that the Debye equation can also be used to approximate the complex relative permittivity of the human tissue. By converting generic poles to the generic VOLUME 4, 2016 Lorentzian pole type, we obtain:
where f p is the pole frequency, τ p is the relaxation time, and ε s,p is the static permittivity. The computational parameters for the simulation are summarized in Table 3 .
The equation for path loss is given as follows:
where P ij is the path loss between the ith antenna and the jth antenna.
In this case, a limited number of receiving points are considered, fitting well with the actual situation in body-centric radio propagation. In the figure above, several existing parametric propagation model are given, and they have been used in some open literatures to characterize radio propagation in WBANs [10] , [11] , [21] . It is noticeable from Figures 7 and 8 that the deviation of compressive sensing model is less than other parametric models, demonstrating its superiority.
For indoor and outdoor measurement, an off-the-shelf wearable wireless module (HBE-Ubi-CC2431) was used, which is a one-chip solution produced by TI based on 8051 microcontroller unit. The chip supports IEEE 802.15.4 PHY standard with a data transfer rate of 250k. The sampling period was about 4 min, and 256 values are collected during the sampling period. The transmitting module was put at the navel of the subject; for receiving positions, big arm, thigh, head, shoulder, forearm, and shank were considered. The angle between the antenna and the body surface is 90 • . It is known that the received signal strength indicator represents the measured received signals. By giving equivalent transmit power (including transmitting antenna), the path loss values can be obtained [21] , [22] . However, scattering environment should be addressed before converting. Figures 10 and 11 give the specific experimental position for indoor and outdoor environments. It should be pointed out that, for the indoor environment, there is a glass wall behind the experimental point, whereas, for the outdoor environment, the subject is sitting between two tall buildings in the campus. Figures 12 and 13 give the corresponding CDF functions of the path loss values for indoor and outdoor environments; meanwhile, deviations for different models are given. The size of the difference is characterized by the magnitude of the value. For general cases, Rayleigh distribution is used to characterize wireless channel for town center with dense buildings. It is also known that Nakagami distribution can be used as the channel model for land mobile communications. From these figures, it is known that, for sparse on-body nodes, compressive sensing model shows higher precision over available parametric ones, demonstrating its applicability for body-centric scenario. 
IV. CONCLUSION
In this paper, the compressive sensing 1 norm probability model is proposed to characterize body-centric radio channels. To verify the novel model, first, FDTD numerical simulations were performed to obtain the large-scale fading of body-surface radio channels; next, the HBE-Ubi-CC2431 wireless module was used to capture the on-body received signal strength indicator in both indoor and outdoor environments. In the verification process, various on-body nodes and body postures were considered. The results indicate that the
